Abstract. Recently titanium and nickel alloys have become eminent for making aeronautic and astronautic parts. Since both titanium and nickel alloys have very low thermal conductivity, the tool will be suffered from a huge damage by the generated heat during machining process. It is required for a durable tool with excellent cooling capacity. Therefore, in this research, cutting technology in strong alkaline water for machining of titanium and nickel alloys was developed and evaluated. Before cutting experiment, the corrosion resistance for titanium alloy and other materials were investigated. Then this cutting process was performed for evaluation in the vessel with strong alkaline water. The assayed materials were mainly Ti6Al4V. The cutting conditions were investigated in experiments. It is concluded from the results that; (1) The cooling capacity using strong alkaline water is very effective to maintain the cutting potential of tool, (2) The new tool is effective for high speed cutting of titanium alloys and nickel (3) The new tool and compulsory cooling system are economical and eco-friendly.
Introduction
Titanium alloy and Nickel alloy are largely used in aeronautics and astronautics machine parts. The machining technology for those materials easily and higher accuracy are being investigated [1] , However, both of these materials have very low thermal conductivity and consequently, most of the cutting heats generated during processing merge into the cutting tool. The tool become extremely higher in temperature and loses its strength and hardness, which causes poor machining efficiency and poor accuracy.
Therefore, in this research, the machining technology for these materials using compulsory cooling in strong alkaline water is investigated and evaluated. The whole machining setup is submerged in the strong alkaline water and applied water evaporation property for relieving heat impact to the tool. Moreover, the corrosion resistance for various work piece materials in strong alkaline water is also investigated by experiments.
Corrosion Resistance of Several Materials in Strong Alkaline Water
The strong alkaline water with pH value above 12.5 has high interfacial permeability, dissolving, emulsification, and separation properties. For these properties, it is well using for washing, sterilization, corruption prevention. In this section, the reactions of the various materials in strong alkaline water are tested. Fig. 1 shows the measurement results of pH values for keeping 10 ℓ of strong alkaline water (pH12.5) in three containers (diameter φ25 mm, height 230 mm) and kept exposed to air for 2 months, in three different environment conditions. These conditions are different temperatures of 20 o C, 40 o C and 12 o C with humidity 60% respectively. It is confirmed that the change in pH value even for the most decreasing condition with 40 o C is just drop from pH 12.5 to pH12.0 during two months experiment. In the practical application of this method, there exist natural evaporation and evaporation due to generated cutting heat and it is necessary to fill up alkaline water to keep maintain the amount and pH value of water. However, from this experiment, it can be considered that this decreasing rate of pH value is quite enough to endure for the practical application of proposed method. In the corrosion engineering, logarithmic value of metal ion concentration less than (-6) could not be corroded at equilibrium state. Here, according to the corrosion characteristic [2] of strong alkaline water, steel could not corrode in the alkaline water above pH10. Similarly, nickel in the nickel based alloys shows no chemical reaction in the range of pH8.5~pH13.0. Moreover, titanium alloys also shows no effect under pH13.0 range. From these facts, it can be considered that it is possible to operate underwater metal cutting processing of titanium and nickel alloys for compulsory water evaporative cooling with using the optimum range of pH values between pH10.0~pH13.0.
The corrosion characteristics of these materials are also confirmed by experiment. In the experiment, the tested materials are steel, titanium alloy, nickel alloy and those being used well in industries such as, copper, aluminium, brass and carbide (tool material) as shown in Table 1 . These materials are put in the test tubes containing water with three pH values, pH7.0, pH10.0, pH12.5 and keep in a room with constant temperature of 20±1 o C and 60% moisture for two months. The pH value is made to kept constant by changing alkaline water once per week. The result of the experiment regarding to alkali resistance of the materials are shown in Table 1 . The results shown there was no corrosion exhibit for the tested materials placing inside strong alkaline water for two months except aluminium. From this result, it was confirmed that the underwater cutting process for titanium and nickel alloys can be applicable for compulsory tool cooling effect with the exception of aluminium. For cutting aluminium, it is necessary to take precaution and improvement as it is corroded in strong alkaline water. For the case of copper and brass, there occurred change in colour. 
Development of cutting Technology in Strong Alkaline Water
In the experiment of strong alkaline water, NC vertical milling machine with specification shown in Table 2 is used. The experimental setup is as shown in Fig. 2 . The vice and container of the strong alkaline water are fitted on the NC table and the work-piece is fitted on the vice so that to obtain it is entirely submerged under water. The micro bubble device and the air bubble device are placed in container for supplying air bubbles for improving heat transfer of alkaline water. Moreover, air nozzle for chip eliminating purpose is also fitted. In this experiment, an end-mill tool holder with 2 inserts is used. However, for those cases such as face milling and turning tools can also be apply this method with some adaptation to the machine structure.
In this research, the work-piece and the tool are entirely sunk in the strong alkaline water and thus, the contact point during cutting is also supplied with cooling water without any vacant.
However, the cooling efficiency for this step with very few amount of air in the strong alkaline water contacting the cutting point is still in very poor condition. Therefore, the compulsory evaporation of alkaline water was investigated by experiment with supplying air bubble and micro air bubble to the submerged cutting system. In the experiment, a rubber heater (100×100×2mm) is sandwiched between two steel plates (SPCC, 100×100×1 mm) and is suspended in the container of strong alkaline water as shown in Fig. 3 . Thermocouples are attached on the both of the steel plates for measuring temperature changes during experiment. Then, rubber heater is supply electricity till reach the steady state condition. The temperature values of the steel plates and strong alkaline water are measured and recorded in the measuring device. The experiments are taken for the conditions; ① the natural condition of strong alkaline water in the condition, ②with supplying 1~2 mm diameter of air bubbles, ③ with supplying 3~5 mm diameter of air bubbles and ④ with supplying micro air bubbles using micro bubble device with excellent mixing property of air and water respectively. Fig. 4 shows the results of the heat transfer coefficient calculated from the experimental data. The maximum heat transfer coefficient for the condition combining micro bubble of 10ℓ/min flow and air bubble (3~5mm) of 32ℓ/min flow rate obtained the highest value (80 times comparing with natural condition of strong alkaline water). From this result, it can be understand that the combined supplying of air bubble and micro air bubble could obtain higher cooling effect. Moreover, the value of heat transfer coefficient changes depending on the amount of air bubble and micro air bubble in the water and condition of machining setup. Over supplying of air bubble and micro air bubble in the water would cause lower in heat transfer coefficient, since air eliminates the necessary amount of cooling water around the cutting point. 
Evaluation of System by Experiments
In here, the effect of forced cooling on the cutting of difficult to cut material using the developed system is evaluated by experiment. In the experiment, in order to make possible to measure the temperature near the tool tip, the cutting tool is made to be fix on the NC table and the work-piece is made to revolve such as Fig. 5 . The experiment is done for under alkaline water cutting using the NC milling machine of specification shown in Table 2 and cutting condition shown in Table 3 (turning). The temperature on the tool tip during cutting is measured using thermocouples fitted near the tool tip and the temperature on the cutting point of the tool is extrapolated using FEM analysis [3] . The experiments were taken using tool without hole for the conditions, dry cutting, and cutting inside strong alkaline water, cutting inside strong alkaline water with supplying both air bubble and micro air bubble. Moreover, the experiments using the new tool with a hole of 2 mm diameter and 3mm apart from the tool tip is taken for the conditions, cutting inside strong alkaline water, cutting inside strong alkaline water with supplying both air bubble and micro air bubble [4] .
The tool tip temperatures results extrapolated by using experimental measurements are shown in Fig. 6 . The results show that cutting using tool with a hole inside the strong alkaline water with supplying air bubble and micro air bubble reduces 36% comparing with drying cutting using tool without hole. From this result, it is known that the proposed system is quite effective for the cooling of cutting tool for difficult to cut material processing. Moreover, for the same condition with cutting inside alkaline water, the temperature is reduced 8% by using tool with hole near tool tip. And, supplying air bubble and micro air bubble reduces 24% of temperature rise at tool tip.
In this session, the proposed method is evaluated by tool life experiments and machining accuracy (roughness). The experiment is done using carbide insert and a milling machine with cutting condition as shown in Table 3 . Four parameters are taken in the experimental; dry cutting, conventional wet cutting, cutting inside strong alkaline water with supplying air bubble and micro air bubble using tools with and without hole. The life of the tool is assumed to be end when flank ware reached 0.3 mm. Moreover, the roughness of the cut surface is measured at early time cutting surface with new tool and on the surface when the tool is reached to end of life. Fig. 7 shows the result of the tool life experiment. The tool life for the tool with hole and cut under strong alkaline water with supplying of air bubble and micro bubble is 3.5 times longer than dry cutting. Moreover, it is 2.4 times longer comparing with conventional wet cutting. From this result, it can be said that the developed tool cooling system using strong alkaline water with supplying air bubble and micro bubble is effective for releasing the cutting heat on the tool during cutting of difficult to cut material Ti6Al4V. Normally, for conventional dry and wet cutting processes of difficult to cut materials like Ti6Al4V, this cutting condition is not suitable as large cutting heat generation would cause the tool melt and wear easily. Even using this hard cutting condition, the developed under water cutting system is applicable with soundness. Moreover, the tool used is examined using microscope and no sign of tool damages are exhibited. Fig. 8 shows the maximum surface roughness Rz of cut surface. The result with using proposed method is 70% and 89% comparing to that of the conventional dry and wet cutting respectively. Moreover, the variation of the surface roughness is also smaller. It can be considered that the thermal deformation of the tool is well reduced and the cutting positioning also become more accurate. As titanium alloy and nickel alloy materials are being used well in making of aeronautic and astronautic parts, the higher processing accuracy is needed. The proposed cutting method is capable of processing these materials with higher accuracy and efficient for application in industries. Moreover, in this research, although only Ti6Al4V is used, the further step using Inconel718 is also being examined for the confirmation of cooling effect.
Consideration for Impacts on Environment
Finally, the impacts on the environment are evaluated by investigating the CO 2 emission. Here the amount of CO 2 emission for proposed method and conventional wet cutting method are compared.
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In the conventional wet cutting, the amount of electricity used during the cutting processing and the amount of disposed oil for the related processes are calculated. Moreover, the amount of CO 2 emission is calculated based on the amount of electricity used for air bubble compressor, micro bubble device, strong alkaline water device and water pump for eliminating chip.
Firstly, the electricity used in coolant pump on the milling machine (1.2 kW) is calculated for 250 working days (for a year) with 8 working hours a day. The total electricity for the whole year is taken (1.2 kW×8 h×250 days) and the amount of CO 2 emission, CL CO2 is calculated by using Eq. (1) with taking conversion value 0.468 kg-CO 2 /kWh.
Here, W E is the amount of electricity (kWh) used in coolant pump and the corresponding calculated amount of CO 2 emission is 1123.2 kg-CO 2 . Next, the amount of CO2 emission from the oil disposal is calculated. Here, the amount of disposed oil is taken to be 340 L and 2 times a year. Moreover, the amount of fill up oil is taken to be 30 ℓ a month (30 ℓ×12 month=360 ℓ) for a year. The total amount of disposed oil is 1040 ℓ and the amount of CO 2 emission is calculated based on this amount using equation (2) . 
Here, emitted heat energy is 40.2 GJ/kℓ and the amount of carbon emission is 19.22 t-C/TJ. By using equation (2), the amount of CO 2 emission due to disposed oil is calculated and 2946.3 kg-CO 2 is obtained. Therefore, the total amount of CO 2 emitted from both cases is 4069.5 kg-CO 2 .
The comparison between the conventional wet cutting method and the proposed method is shown in Fig. 9 . The amount of CO 2 emission can be reduced 2634.9 kg-CO 2, (64.7 % reduced) in a year. This is due to the less power consumption for the cooling of tool in the proposed method.
The proposed method does not use cutting oil and less electricity compare to the conventional wet cutting processing. Thus, it can be considered that, this method is very effective and capable of reducing the impact to the environment.
Conclusion
From this research, it can be concluded as follow.
(1) This method is capable of removing the cutting heat generation for the cutting processes of difficult to cut materials. (2) The developed cutting tool with a hole near the tip is capable of improving cooling effect during underwater cutting. (3) The proposed method does not use cutting oil and the cleaning process after cutting is not necessary. Therefore this will reduce the usage of electrical energy and also reduce the impact on the environment.
